We report molecular dynamics simulation results for two-component fluid mixtures of Gaussiancore particles, focusing on how tracer diffusivities and static pair correlations depend on temperature, particle concentration, and composition. At low particle concentrations, these systems behave like simple atomic mixtures. However, for intermediate concentrations, the single-particle dynamics of the two species largely decouple, giving rise to the following anomalous trends. Increasing either the concentration of the fluid (at fixed composition) or the mole fraction of the larger particles (at fixed particle concentration) enhances the tracer diffusivity of the larger particles, but decreases that of the smaller particles. In fact, at sufficiently high particle concentrations, the larger particles exhibit higher mobility than the smaller particles. Each of these dynamic behaviors is accompanied by a corresponding structural trend that characterizes how either concentration or composition affects the strength of the static pair correlations. Specifically, the dynamic trends observed here are consistent with a single empirical scaling law that relates an appropriately normalized tracer diffusivity to its pair-correlation contribution to the excess entropy.
Fluids of identical particles interacting via the Gaussian-core (GC) pair potential have been the subject of many recent investigations. 1, 2, 3, 4, 5, 6, 7, 8, 9 Continued interest in this model system, introduced by Stillinger in 1976, 10 can be attributed in part to the fact that the GC potential is a simple and computationally tractable idealization of the soft, effective interparticle repulsions that can exist between large molecular species (e.g., star polymers) or self-assembled structures (e.g., micelles) in solution. 11 The GC fluid is also a compelling model to study because it exhibits several unusual physical properties that are typically associated with molecular or complex-fluid systems with more complicated interactions. For example, at low temperature, the GC fluid displays a re-entrant freezing transition 4, 5, 7, 10 negative thermal expansivity, 1, 12 and its isothermal compressibility increases upon isobaric cooling. 6 Although the structural and dynamic properties of the GC fluid are qualitatively similar to those of simpler fluids at low particle concentrations, they become anomalous at sufficiently high particle concentrations. For example, the single-particle dynamics, quantified by, e.g., the self diffusivity, become progressively faster upon increasing particle concentration (diffusivity anomaly). 6, 8, 9, 12 The static pair correlations, 2, 3, 5, 6, 7, 8, 9, 10 quantified by, e.g., the twobody excess entropy s (2) , also weaken upon increasing particle concentration (structural anomaly).
9
The differences between the structural behavior of the GC fluid at low versus high particle concentration can be qualitatively understood by considering the Gaussian form of the repulsion. At low concentration and low temperature, the average interparticle separation is larger than the range of the interaction. Thus, the part of the GC potential that the particles typically sample when they "collide" is steeply repulsive. Under these conditions, small increases in concentration lead to the build up of short-range static correlations (i.e., coordination shell structure), similar to what occurs in the hard-sphere fluid. 2, 3, 5, 6, 7, 8, 9, 10 However, at sufficiently high concentration, the bounded form of the GC potential allows the average interparticle separation to become much smaller than the range of the interaction. As a result, particles are effectively penetrable and constantly experience soft repulsive forces from many neighbors. These forces largely cancel one another, creating a "mean field". Further increasing the concentration only makes this effect more pronounced, paradoxically driving the high-density system toward an ideal-gas-like structure. 2, 3, 5, 6, 7, 8, 9, 10 Less is understood about the microscopic origins of the anomalous relationship between diffusivity and particle concentration, although the results of recent investigations indicate that the unusual dynamical trends are closely linked to the aforementioned structural anomalies. 8, 9 In particular, the equilibrium GC fluid exhibits a semi-quantitative scaling relation 9 between self diffusivity D and the two-body excess entropy s (2) . Interestingly, this relationship is "normal" in the sense that it is similar to that observed for a wide variety of simpler fluids that do not exhibit either structural or dynamic anomalies. 9, 13, 14, 15, 16 Stated differently, the diffusivity anomaly of the equilibrium GC fluid disappears when one plots D versus s (2) instead of particle concentration.
Similar trends have also recently been reported for other equilibrium fluids with dynamic and structural anomalies, e.g., models with water-like interactions 17, 18, 19 or colloid-like, short-range attractions.
20,21
In this paper, we further explore the relationship between structure and dynamics in simple models for com-plex fluids by studying, via molecular simulation, binary mixtures of GC particles. The fluid phase behavior of these systems has already been studied extensively.
22
However, here we present, to our knowledge, the first investigation of the relationships between the static pair correlations of the fluid and the tracer diffusivities of the two components.
Specifically, we study the following questions about how these quantities depend on particle concentration and mixture composition. Are the trends in the tracer diffusivities of the two components of the GC mixture closely coupled? Do they scale in a simple way with a single measure of the overall strength of the pair correlations (e.g., s (2) )? Or, alternatively, is there a significant decoupling of the single-particle dynamics of the two species? If this latter scenario holds, do the resulting trends in tracer diffusivities track decoupled, species-dependent measures of static structure? Finally, what are the implications of the answers to the above for the compositional dependencies of structural order and tracer diffusivity at low versus high particle concentration?
To address these questions, we use molecular dynamics simulations to investigate equilibrium two-component fluid mixtures of particles that interact via pair potentials of the GC form,
Here, r is the interparticle separation, and the parameters ǫ ij and σ ij characterize the energy scale and range of the interactions, respectively, between particles of type i and j with i, j ∈ {A, B}. Since we want to understand the behavior of uniform binary fluids, we assign numerical values to the parameters that favor mixing. Specifically, we adopt a set 22 introduced earlier (σ BB = 0.665σ
0.5 ; ǫ AA = ǫ BB ; ǫ AB = 0.944ǫ AA ), in which the σ ij were chosen to mimic binary mixtures of self-avoiding polymers in solution. 3 We truncate all pair potentials at an interparticle separation of 3.2σ AA , and treat the particles of the two species as having equal masses (m A = m B ).
We carry out the simulations in the microcanonical ensemble, numerically integrating Newton's equations of motion with the velocity-Verlet scheme 23 using a time step of 0.05 m A σ 2 AA /ǫ AA . We use N = 3000 GC particles and a periodically replicated simulation cell, the volume V of which is chosen to realize specific values of reduced total concentrations (i.e., particle densities) in the range 0.05 ≤ ρσ 3 AA ≤ 1, where ρ = N/V . We investigate mixtures over a wide range of composition (0.1 ≤ x A ≤ 0.9, where x A is the mole fraction of species A) and reduced temperature (0.05 ≤ k B T /ǫ AA ≤ 0.40). To characterize the single-particle dynamics of species i, we compute its tracer diffusivity D i by fitting the long-time (t → ∞) behavior of its average mean-squared displacement ∆r i 2 to the Einstein formula, D i = ∆r i 2 /6t.
24
We compute the two-body excess entropy s (2) directly from the partial radial distribution functions g ij (r) of the fluid using the expression, 
Both −s (2) and −s (2) i are non-negative and can be viewed as translational structural order metrics. 27 The former characterizes the overall strength of the pair correlations in the fluid, 27 while the latter quantifies the amount of pair structuring surrounding particles of type i.
The first issue that we investigate using our simulation data is how closely the single-particle dynamics of the two species are coupled. Figure 1 AA over the density range examined here. The fact that D A and D B decouple in this way gives rise to a dynamic crossover density, above which the larger A particles exhibit higher mobility than the smaller B particles. It also suggests that one cannot trivially correlate both the D A and D B trends with a single, collective measure of structural order for the fluid, such as s (2) [see, e.g., Fig. 1(b) ], a point we examine further below.
Does increasing particle concentration result in a corresponding decoupling of species-specific structural metrics that, in turn, correlate with the dynamical trends of A and B particles? To examine this possibility, we first plot in Fig. 1(b AA , the increase in ordering is initially more pronounced for the structure surrounding the A particles. This is to be expected because A particles have larger effective contact diameters with their neighbors, and thus respond by building up stronger static pair correlations at low density. However, the large size of the A particles, coupled with the bounded nature of the GC interaction, means that A particles are also forced into more interparticle overlaps than the B particles as the density is increased. This ultimately leads to a weakening of the static correlations (i.e., coordination shell structure) of the A particles, and hence a maximum in −s (2) A at an intermediate value of ρσ 3 AA . As should be expected based on the smaller size of the B particles, a maximum in −s (2) B (and a corresponding minimum in D B ) can also occur at significantly higher densities, if phase separation of the mixture does not occur first. 28 Interestingly, similar to what is observed for the tracer diffusivities, one of the consequences of the s (2) i decoupling described above is the presence of a structural crossover density above which the smaller B particles exhibit stronger pair correlations than the larger A particles.
The data in Fig. 1(a) and (b) suggests a negative correlation between D A and −s To quantitatively examine the correlation between single-particle dynamics and structure, we studied possible generalizations of a scaling relationship that describes the behavior of the single-component GC fluid. In the case of the single-component fluid, the so-called Rosenfeld scaled 14 self diffusivity
is approximately a single-valued function of −s (2) across a wide range of temperature and density.
9 Figure 2 (a), however, shows that a naïve extension of this result for mixtures,
, does not adequately collapse the data for either of the two species. This should not be particularly surprising, given the dynamical and structural decouplings shown in Fig. 1(a) and (b) .
On the other hand, Figure 2 (b) examines a speciesspecific extension of the single-component scaling law, D R i versus −s (2) i . Interestingly, not only does this generalization collapse the temperature, density, and compositional dependencies of tracer diffusivity for each individual particle type, but the behaviors of the two species are, to a good approximation, accounted for by the math- ematical form of the scaling law for the single-component GC fluid.
We now explore what this correlation implies about how mixture composition affects the tracer diffusivities [ Figure 3 (a),(b)] and species-specific pair-correlation contributions to excess entropy [ Figure 3 (c),(d)]. As should be expected, at low values of density (ρσ 3 AA < 0.2), the response of the system to changes in composition is normal, i.e., qualitatively similar to that of simple atomic or hard-sphere-like mixtures where interparticle "collisions" dominate. Under these conditions, increasing the mole fraction of the larger A particles effectively increases the "packing fraction" of the fluid, which in turn decreases the mobility and increases the local structural order surrounding both types of particles.
At high values of density, on the other hand, the fact that the bounded GC potential allows for significant interparticle overlaps changes the physics. Since increasing the mole fraction of the larger particles (at constant density) here increases the number of overlaps and nudges the system toward the mean-field fluid, one expects anomalous behavior in dynamics and structure, i.e. a corresponding increase in D i and decrease in −s (2) i for both species. Indeed, Figure 3 shows that these anomalous compositional trends for dynamics and structure do occur for ρσ 3 AA > 0. 4 . In closing, we note a final manifestation of the decoupled behavior for the two species of this GC mixture. Specifically, the densities at which the compositional trends for structure and dynamics transition from normal to anomalous are significantly different for the two species, with the larger species logically becoming anomalous at a lower overall density. The implication is that there is a fairly wide range of intermediate fluid densities (approximately 0.2 < ρσ 3 AA < 0.4) for which the structure and dynamics of the A particles behave anomalously, while those of the B particles behave normally, with respect to changes in composition. 
